Shallow lakes typically can be in one of two contrasting states: a clear state with submerged macrophytes or a turbid state dominated by phytoplankton. Eutrophication may cause a switch from the clear to the turbid state, if the phosphorus loading exceeds a critical value. Recovery of the clear state is difficult as the critical loading for the switch back during oligotrophication is often lower. A system of interacting ecological processes makes both states stabilize themselves causing the observed hysteresis. The ecosystem of shallow lakes is analysed with PCLake, a dynamic model of nutrient cycling and biota -including phytoplankton, macrophytes and a simplified food web. The model was used to calculate the switchpoints in terms of critical phosphorus loading levels for a number of lake types. It turned out that the predicted critical phosphorus loadings differ per lake type, e.g. they decrease with lake area, mean depth and retention time, increase with relative marsh area and fishing intensity, and differ per sediment type. The findings were grossly comparable with empirical evidence. These outcomes were also used to build a metamodel. The results may be useful for lake management, by comparing the critical loadings for a given lake with the actual loading. If the actual loading clearly exceeds the upper switchpoint, nutrient reduction measures are recommended. If the loading approaches the upper switchpoint, or is in the intermediate range, a manager could try to increase the critical loading values of the lake, e.g. by hydromorphological measures. If the loading is well between the two switchpoints, an alternative is to force a switch by direct food web management.
Introduction
Evidence for the existence of alternative stable states in ecosystems is increasing (Beisner et al. 2003 state shifts are referred to as regime shifts (Scheffer and Carpenter 2003) and have been observed in a range of ecosystems, e.g. the shift from a hard coral dominance to macroalgae dominance on coral reefs (Hughes 1994) , the shifts from tropical forests to Savanna grasslands (Sternberg 2001 ) and the shifts from clear water to turbid water in temperate shallow lakes (Scheffer et al. 1993; Carpenter 2003) . Transitions between alternative states are driven by gradual changes in a stressor, such as nutrient availability or predation pressure. The response to an increase of this driver is often different from the response to a decrease of that driver, a phenomenon known as hysteresis. This is related to the resilience of an ecosystem: its capacity to withstand disturbances without shifting to a qualitatively different state (Holling 1973) .
Alternative stable states in shallow lakes
Shallow lakes are known to be in one of two contrasting equilibrium states: a clear state with submerged macrophytes or a turbid state dominated by phytoplankton (Timms and Moss 1984; Jeppesen et al. 1990a; Scheffer et al. 1993; Carpenter 2003) . Several factors determine which state prevails in a certain case. A general constraint is set by the external nutrient loading. At a very high loading, only the turbid state is stable, whereas the opposite is true for very low loadings. In the intermediate range, both states may exist and switches between the two states are possible. Because both states possess a number of self-stabilizing buffering mechanisms, the system shows hysteresis: the critical loading level at which a shift occurs is dependent on the initial state of the system. The shift from turbid to clear occurs at a much lower loading level than the opposite one. The phytoplankton-dominated turbid state is generally considered as undesirable, because natural communities characterized by macrophytes and a rich fish fauna disappear and biodiversity decreases.
Regime shifts in shallow lakes
Although shifts in alternative stable states in shallow lakes have been observed to be predominantly triggered by changes in nutrient loading (Meijer et al. 1999a ), more often more than one mechanism is involved in the occurrence of alternative stable states in nature (Bachmann et al. 1999; Gulati and Van Donk 2002; Carpenter 2003; Ibelings et al. 2007 ). Several authors have derived critical nutrient loadings or (mostly) inlake concentrations from empirical information (Lijklema et al. 1989; Hosper 1997; Portielje and Van der Molen 1999) . Direct empirical data on individual lakes shifting between the clear and turbid states are scarce, but some information can be derived from multi-lake data sets (Jeppesen et al. 1990a) . As biomanipulation generally can be effective in the 'intermediate' phosphorus range only, biomanipulation experiments can also supply information about critical phosphorus levels (Jeppesen et al. 1997; Meijer et al. 1999a; Gulati and Van Donk 2002) . In order to meet one of the core targets of the European Water Framework Directive, fresh water bodies throughout Europe need to improve their ecological status. For shallow lakes, a 'good' ecological status is considered as associated with a clear, macrophyte-dominated state. As nutrient load with phosphorus and nitrogen constitutes the biggest obstacle to the restoration and preservation of a 'good' ecological status, universal guidelines for critical nutrient loadings are called for. Most of the above-mentioned empirical findings, however, are highly time-and space-specific, making it difficult to derive general guidelines for water managers.
The ecosystem model PCLake compared to other models
The role of nutrient loading in the establishment of alternative stable states and the effect of hysteresis can be modelled by the ecosystem model PCLake (Janse 1997 (Janse , 2005 ). This dynamical model combines a description of the dominant biological components of shallow lake ecosystems with a description of a closed nutrient cycle. Empirical regression models based on multi-lake data sets formed an early generation of lake eutrophication models, relating the external nutrient loading to, among others, TP and TN concentrations, chlorophyll-a levels and transparency (Reckhow and Chapra 1983; Hosper 1997 ). These models remain very useful to give an estimate of the trophic state and possible algal biomass of a lake, but they are essentially not apt for predictions for situations where aquatic macrophytes play a role. Later, many dynamic, process-oriented, eutrophication models were developed, differing in complexity and in the factors and variables included (for overviews see for instance Jorgensen 1995 Jorgensen , 1999 . Other models focus on subsystems, or elaborate on general mechanisms, like minimodels (Scheffer 1998) . PCLake differs from most of the other dynamic eutrophication models in that it incorporates a broad range of functional groups, i.e. macrophytes, zooplankton, phytoplankton, planktivorous and piscivorous fish, and that it puts equal emphasis on the biotic and abiotic components. Recently, PCLake has been applied in the context of the impact of climate change on shallow lakes (Mooij et al. 2005 (Mooij et al. , 2008 .
Objectives of this paper
In the present study we will analyse the dynamics and the long-term behaviour of the model PCLake at different nutrient loadings. In addition, we determined how the critical nutrient loading depended on specific lake characteristics, allowing for a practical application by water managers. Hence, the objectives of this paper are to:
1. estimate the critical phosphorus loadings that trigger a regime shift, both 'forward' and 'backward'; 2. determine how these critical loadings depend on lake features and (combinations of) management factors; 3. identify the key features determining the regime shift; 4. test the predictions of the model against empirical lake data.
Methods

Model description
PCLake has been designed to simulate the main nutrient and food web dynamics of a non-stratifying lake in response to eutrophication and related restoration measures (Janse et al. 1992; Janse and Van Liere 1995a, b; Janse 1997 Janse , 2005 . It was calibrated against nutrient, transparency, chlorophyll-a and vegetation data on 440 lakes and a systematic sensitivity and uncertainty analysis was performed (Aldenberg et al. 1995; Janse 2005) . The model describes a completely mixed water body and comprises both the water column and the sediment top-layer (10 cm), with the most important biotic and abiotic components. Optionally, a wetland zone with helophytes can be added. No further horizontal (like depth variations) or vertical distinction within the lake is taken into account. Mathematically, the model is composed of a number of coupled differential equations, one for each state variable.
State variables and underlying relationships
All biota are modelled as functional groups (Fig. 1) . The main groups in the water phase are three groups of phytoplankton ('diatoms', 'greens' and 'cyanobacteria'), zooplankton, planktivorous/benthivorous fish and piscivorous fish. Submerged macrophytes are included, consisting of a shoot and a root fraction. Further groups in the top-layer of the sediment are the settled fractions of the three types of phytoplankton as well as zoobenthos. For a detailed description of the way each of the functional groups is entered in the model, see Janse (2005) .
Default lake settings
Long-term simulations have been carried out for a hypothetical lake which may be considered as representative for many Dutch shallow lakes. Its main characteristics are: mean depth ¼ 2 m, fetch ¼ 1000 m, areal hydraulic loading ¼ 20 mm d À1 (7.2 m y À1 ), no infiltration or seepage, no surrounding wetland zone, a lightly clayish sediment (30% dry matter, of which 10% organic matter, and 10% lutum of inorganic matter), and a fishing intensity of 0.00137 d À1 (0.5 y À1 ). The simulated summer-averaged results after 20 years were used for the analyses. Dynamic simulations and previous experience showed that in most instances, a period of 20 years is, for practical purposes, in general sufficient for the model to come quite close to the (new) equilibrium situation, although a complete equilibration of the phosphorus levels may take a longer period (up to 50 years), dependent on the starting conditions and input variables. For each parameter combination the model was evaluated for P loading rates ranging from 0.1 to 20 g P m À2 d À1 in 35 steps, for both the turbid and the clear initial condition. The critical loading values were calculated by linear interpolation. A summer-averaged vegetation coverage of 20% has been chosen as a criterion for critical loading; but as the relations are mostly quite steep, the exact value does not matter very much.
Assessing the impact of different lake characteristics on critical nutrient loading
The same kind of simulations was carried out for different combinations of other lake features. The following factors were varied, both one-at-a-time and combined (Note: an asterisk (*) denotes the value for the 'default lake'): Evaluation of the model by comparing current or historic loadings with simulated critical nutrient loading in actual lakes
By the same method, the switchpoints were calculated for each of the 43 lakes (mainly Dutch, and some in Belgium, Ireland and Poland) that were used in the calibration of the model, as well as 7 Danish and 2 Spanish lakes that were used for comparison (Janse 2005) . Lake data were taken from the studies by Lijklema et al. (1989) , Van der Molen (1999) and De Meester et al. (2006) , completed by several others. The model was run with the actual values of the above-mentioned lake characteristics as far as known for each lake. The fetch was roughly estimated as the square-root of the area. For each lake we calculated the P-loading thresholds for restoration and turbidification. These thresholds were compared with the actual P loading, and the predicted state for each lake was compared with its actual state.
Results
Performance of individual state variables for the default lake
The simulated relations between phosphorus input and chlorophyll-a (Fig. 2a) , and between phosphorus input and macrophytes biomass (Fig. 2b) were highly nonlinear, with a rather sudden switch between a macrophyte-dominated state and a phytoplanktondominated state. Moreover, the response showed hysteresis. The critical loading for the switch from 'turbid' to 'clear' was much lower than the one for the opposite switch, viz. ca. 0.9 and 3 mg P m À2 d À1 , respectively, for this 'default lake'. At a low loading, the system was always macrophyte-dominated, whereas at high loading, it was always dominated by phytoplankton. Secchi depth (Fig. 2c) showed the inverse patterns of chlorophyll-a concentrations. The in-lake total P (Fig. 2d) concentrations were proportional to the loading in the turbid situation, but were much lower than that when the lake was in the clear state. These switches and the associated hysteresis were also found in the biomass of the different animal groups. In the 'clear state' zooplankton biomass (Fig. 2e) was lower because of a lesser food availability, but the ratio of zooplankton to phytoplankton was much higher (higher relative grazing pressure; compare Fig. 2a and e). Also zoobenthos (Fig. 2f ) was higher in the clear state, because of higher food availability (organic matter in the sediment). Juvenile planktivorous fish ( Fig. 2g ) generally had a higher biomass when the lake was in the turbid state. The opposite was true for the adult, benthivorous fish (Fig. 2h) . For predatory fish (Fig. 2i) , the model predicted a high biomass only in the clear state.
Influence of different lake characteristics on the critical phosphorus loading
The effect of increasing the fetch is a decrease of both critical loading values (Fig. 3a) . Increase of the water depth gives rise to lower chlorophyll-a concentrations (graph not shown) and to a marked decrease of both critical loading values (Fig. 3b) . The effect is most striking in the range between 1 and 2 m depth. The critical loading is the lowest for peat lakes and the highest for sand lakes, with clay lakes in-between (Fig. 3c) . The presence of a marsh zone increases the critical loadings ARTICLE IN PRESS markedly (Fig. 3d) . The critical load increases with (but less than proportional to) the hydraulic loading rate (Fig. 3e) . Please note that, although in this context the factors are shown as independent of each other; in practice, nutrient loading and hydraulic loading rate are often positively correlated. A higher fishing rate tends to increase the critical loading, but the effect is modest (within the investigated range) and mainly confined to the 'turbidification' switchpoint (Fig. 3f ). The relation with the N loading, when this nutrient is made limiting with P in excess (N/P ratio in loading ¼ 3 g g While in Fig. 3 the effect of the factors are shown independently, interacting effects are important, as shown in Fig. 4 where the effects of depth, fetch and hydraulic loading rate are combined for a lake with a clay sediment and no marsh zone.
Regression analyses on the response of two critical loading values and lake characteristics
A linear regression analysis was performed of critical loading values for turbidification and clarification ). The different lake characteristics were varied one by one, keeping the others at the value for the 'default lake'. All simulations have been done for two initial states, a clear-water state dominated by macrophytes (dashed lines) and a turbid state with a phytoplankton dominance (solid lines).
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Fig. 4.
Critical phosphorus loading levels dependent on lake characteristics. Each composite graph shows the influence of the factors water depth (m), fetch (m) and water inflow rate (q, mm d À1 ) on the critical loading levels (mg P m À2 d À1 ). Other characteristics as for the default lake for all panels: clay sediment, no marsh zone. All simulations have been done for two initial states, a clear-water state dominated by macrophytes ('turbidification', circles) and a turbid state with a phytoplankton dominance ('restoration', triangles).
(as natural logarithm) on the variables reciprocal water depth, fetch, hydraulic loading, marsh area and sediment type, both with and without two-factor interaction terms (Table 1) . Sediment type was included as two dummy variables (0/1), viz. 'Clay' and 'Peat'; if both are 0 the sediment type is 'Sand'. Excluding interactions (Table 1A) , all coefficients were significant for both critical loadings, except for the intercept for the lower switchpoint. The regression explained 61 (turbidification) resp. 72% (clarification) of the variation. Lake depth, water inflow rate and fetch are the most influential, followed by the marsh area and the sediment type. Including interactions, the fraction explained variation (adjusted R-squared) increased to 0.71 (turbidification) resp. 0.78% (clarification). Nearly all factors and interactions were significant (Table 1B) , which indicates that the impact of each factor is influenced by the other ones. Analysis of residuals, as well as visual inspection of conditional plots (Fig. 4) , revealed that the linear model described the relations far from perfectly, despite the high regression coefficients. Other transformations of the variables that we tried did not improve this. It thus remains difficult to capture the relation between critical loadings and lake features in a simple formula. The critical loading of a particular lake type might better be estimated from conditional graphs or by an additional model run.
Because the regression model could not handle the strong nonlinearities in the output, a so-called metaversion was developed for a quick assessment of the critical P loadings per (type of) lake. The results of a large number of simulations were stored in a database and the critical loadings (the limit for 45% cover of submerged macrophytes) were determined. Values for 'new' cases can now be estimated from the database by a Matlab TM interpolation procedure. The model is available at the website /www.mnp.nl/modellen/pclakeS (in Dutch). Users can enter the most important characteristics (as listed under 'Methods') of their lake of interest. The model estimates the critical loading values (in mg P m À2 d À1 ) and/or the corresponding summeraveraged P concentrations (mg P L À1 ).
Simulated critical nutrient loading for the lakes in the data set, compared with the current or historic loading
In 11 out of the 43 calibration lakes, the observed phosphorus loading was lower than the modelled switchpoint for clarification, in 6 lakes the observed loading was between the two thresholds, and in the remaining 26 lakes the loading was higher than the turbidification switchpoint, in 12 of the latter lakes with a factor 5 or more (Table 2 ). For the majority of lakes, the observed loadings correspond to their actual state, clear or turbid, except for two Danish and one Spanish lake, that are turbid despite of a P loading lower than the calculated critical level. Part of the data for the two Spanish lakes (#51, 52) were rough estimates. One of the Danish lakes (#49) had recently been restored but submerged vegetation failed to develop for uncertain reasons. Some lakes (denoted by a C in brackets) cannot unambiguously be classified, as they have distinct vegetated and unvegetated parts.
Discussion
Why does PCLake show hysteresis?
The hysteresis effect as shown by the simulations can be explained by several positive feedback mechanisms present in the model. The crux is that both the phytoplankton and the submerged macrophytes, directly or indirectly, promote their own favourite environmental conditions and deteriorate the conditions for the other, giving rise to two stable states in an intermediate range of the nutrient loading.
Light limitation is the main factor for aquatic macrophytes: they need clear water with light reaching the bottom. At the same time they keep the water clear, by several mechanisms: their specific light absorption is low (much lower than that of phytoplankton), they reduce resuspension by stabilizing the sediment, and they hamper phytoplankton growth by uptake of nutrients (Ozimek et al. 1990; Van Donk et al. 1993; Jeppesen et al. 1998 ). Furthermore, they promote the top-down control of phytoplankton by favouring predatory fish. Phytoplankton, on the other hand, wins the competition in darker or deeper waters, as it needs less light for growth (Sand-Jensen and Borum 1991) . Once dominant, it keeps the water turbid because of its high light absorption and because it keeps the nutrients recycling in the water column. The unvegetated sediment is more subject to resuspension due to wind action (waves) and to stirring by benthivorous fish. So there are three main factors or pathways working together: light, nutrients and food web effects.
Other mechanisms have been demonstrated or suggested that may add to this picture, like the release of allelopathic substances by macrophytes that hamper algal growth (Van Donk and van de Bund 2002; Gross 2003; Mulderij et al. 2005a, b) , and a shift towards bigger zooplankton species in clear water once relieved from predation (e.g. Perrow et al. 1999 ). Other mechanisms, on the other hand, may weaken the picture, such as the development of defence mechanisms by phytoplankton to reduce grazing loss (Van der Stap et al. 2007) , and possible shifts in fish species composition. Although the model results are in agreement with Diehl and Kornijo´w (1998) with a higher benthivorous ARTICLE IN PRESS fish biomass in the vegetated state related to a higher food supply of zoobenthos, in clear lakes a shift may occur towards fish species that are better in feeding between the vegetation (Jeppesen et al. 1998) . But the main point holds that the bioturbation effect of benthivorous fish is minimized in the vegetated state. Likewise, the piscivorous fish might be underestimated by the model in the turbid state, as a shift may occur to species that are not or less dependent on vegetation, be it with a lower biomass (Klinge et al. 1995) . The representation of the fish groups is probably too much a generalization. Another simplification is the lumping of the organic detritus in one pool, since algae-derived and macrophyte-derived detritus may differ in their metabolic properties. All these mechanisms have not been included in the model, as they are considered of secondary importance and in order to keep the complexity within limits. Furthermore, uncertainties or natural variations in parameter values propagate in uncertainties (confidence limits) around the critical loading levels calculated by the model, estimated at about 750% (Janse 2005). How do the results for the lake features fit into this picture?
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Increasing the fetch causes lower critical loading values in our model exercises. In the model, the factor fetch mainly figures in the resuspension and settling equation: a larger fetch makes the resuspension rate increase and the settling rate of algae and suspended solids decrease to mimic the greater influence of windinduced waves in larger lakes.
The effect of depth on the model results can partly be explained by the dependence of submerged macrophytes on the under-water light climate: the exponential decrease of light intensity with depth sets a limit to the depth where plants can survive (Wetzel 2001; Spence 1982) . Also the lower sedimentation losses in deeper shallow (non-stratified) lakes favour phytoplankton, as well as the longer retention time at a given hydraulic loading. On the other hand, the resuspension rate is lower in deeper shallow lakes, as well as the impact of benthivorous fish, and the greater mixing depth for nutrients and suspended solids reduces the maximum algal concentrations. The net effect, as it appears from the model results, is a marked decrease of the critical loading with depth.
An increase of the hydraulic loading (or water inflow rate), keeping the nutrient load constant (which is a theoretical exercise), increases the phytoplankton loss rate, thus reducing algal biomass (e.g. George et al. 2007 ) and favouring the competitive power of macrophytes that are fixed to the bottom, causing increased critical loading values in the model predictions. On the other hand, the loss factor zooplankton grazing is also reduced. Another effect is a shift within the phytoplankton from the slow-growing cyanobacteria to the faster growing diatoms and 'other' ('green') algae that can better compensate for the high dilution rate (Reynolds 1989) . In practice, the hydraulic loading and nutrient loading are most often partly correlated, but for this analysis, the factors have been dealt with independently.
The factor sediment type is a composite factor, made up of the porosity, organic and lutum fractions in the upper sediment; lutum is again linked to Fe and Al fractions. Resuspension increases with porosity in the model, which may explain why life becomes more difficult for macrophytes going from sand to clay to peat lakes. The factor lutum acts in the same direction, as the higher lutum fraction in clay and peat sediments increases the amount of phosphorus that is retained in the system and recycled to the water column, promoting algal growth. The extra amount of organically bound nutrients in peat sediment also adds to the increased phosphorus availability.
The positive effect of a marsh zone in the predictions can be attributed to several mechanisms in the model: the addition of an extra sedimentation area, uptake of nutrients by the marsh vegetation, extra opportunity for denitrification (Johnston 1991; Mitsch 1995) and the presence of a good habitat for predatory fish (modelled as a higher carrying capacity for this group) (Klinge et al. 1995) . It is assumed in the model that the exchange of nutrients to the marsh zone goes via the lake, and that the initial composition of the lake and marsh sediment are equal. In practice, a marsh zone might temporarily also release nutrients, but the long-term effect in the model is a net retention.
Empirical evidence for critical nutrient loadings in shallow lakes
The model results are consistent with the existing evidence that shallow lakes may have two alternative states, a clear-water state dominated by macrophytes and a turbid state dominated by phytoplankton (Timms and Moss 1984; Jeppesen et al. 1990a Jeppesen et al. , 1997 Moss 1990; Scheffer 1990 Scheffer , 1998 Hosper 1997) . The general constraint nutrient loading puts on the functioning of the lake ecosystem can be translated into critical nutrient loadings. For the majority of the 52 lakes for which we calculated critical nutrient loadings, the actual observed P loadings were indicative of their state, be it clear or turbid.
Based on empirical relations between chlorophyll-a and Secchi depth in Dutch lakes, Hosper (1997) derived critical TP concentrations of 0.055 g P m À3 for lakes with a depth of 1 m and 0.023 g P m À3 for depth ¼ 2 m. These values relate to the 'backward' or clarification switchpoint. The maximum ratios were comparable to those derived in a similar way by Lijklema et al. (1989) and Portielje and Van der Molen (1999) . If non-algal turbidity is high, even lower TP values are required (Hosper 1997) . In a study of shallow floodplain lakes in the Netherlands, Van Geest et al. (2003) find that a high macrophyte coverage may sometimes coincide with TP concentrations much higher than 0.1 g m À3 , even up to 0.4 g m À3 . They found, however, no significant relation with TP or TN concentrations or land use. As their data set was dominated by rather small lakes (range 0.01-45 ha), the impact of morphometry probably overshadowed the potential impact of nutrient status in this range. Moreover, many of these lakes were characterized by periodical drought and fish kills, and probably in a transient state in which the food web is not yet in equilibrium with the nutrient loading. This might explain a macrophyte dominance at higher TP. Jeppesen et al. (1990a) concluded from a multi-lake study on Danish lakes that shallow lakes 43 ha were generally macrophyte-dominated at TP levels oca. 0.05 g P m À3 and turbid at levels 4ca. 0.125 g P m À3 , with alternative states possible at intermediate levels. In small lakes (o3 ha) the upper limit could be substantially higher (the highest data point with macrophytes was 0.65 mg P m À3 ). In contrast to the Dutch lakes, the low-TP lakes were generally dominated by green algae instead of cyanobacteria. The authors suggest a relation with the generally higher winter and spring temperatures in the Netherlands; it could possibly also be related to a generally longer retention time. From these findings, together with the results of several whole-lake biomanipulation experiments, the authors conclude that the threshold level for long-term effects of biomanipulation in lakes 410 ha (not severely limited by nitrogen) is ca. 0.10 (0.08-0.15) g P m À3 . For the Danish situation, this corresponds to loadings of 0.5-2.0 g P m À2 y À1 , depending on lake morphometry and flushing rate. The authors state that values between 1 and 2 g P m À2 y À1 refer to lakes with a high flushing rate, but this is not further quantified. They add that in small lakes (o3 ha) the threshold level may be higher because of more favourable conditions for submerged macrophytes and piscivorous fish. Based on some more biomanipulation experiments in later years, Jeppesen et al. (1997) reduce the threshold TP concentration somewhat to 0.050-0.10 g P m À3 . In case of nitrogen limitation, the threshold P level is higher.
In general terms, these findings agree with conclusions drawn on basis of biomanipulation experiments in other European lakes: a critical P loading (roughly estimated in the range of 0.6-0.8 g m À2 y À1 ) should not be exceeded for biomanipulation to be effective (Benndorf 1987; Benndorf and Miersch 1991) . Only if the P loading is below this threshold will top-down induced reduction of P concentrations via sedimentation, translocation (vertical migration of grazers) and P incorporation into grazer biomass result in a sustainable reduction of phytoplankton in deep stratified lakes (Benndorf et al. 2002) . If P loading is higher, a combined strategy, load reduction down to the threshold, further improvement of water quality by biomanipulation, seems most promising and cost effective (Benndorf 1990 (Benndorf , 2005 .
Biomanipulation experiments in the Netherlands were less conclusive on the definition of critical nutrient loadings (Meijer et al. 1994 (Meijer et al. , 1999a Meijer 2000) , although there was a tendency that the chance for long-term success of a biomanipulation measure decreased with higher P levels. The authors conclude that in the initial phase of the restoration, zooplankton grazing, once relieved from fish predation, plays a key role in getting clear water in spring. If vegetation then develops, its stability depends on other factors, like its resistance to herbivory and nitrogen limitation of the phytoplankton, and the presence of piscivorous fish.
Following a different approach, based on an empirical relation between TP concentration and total fish biomass, and an estimate of maximum piscivorous fish biomass, Klinge et al. (1995) derived a maximum P concentration for a clear, mesotrophic, vegetationdominated lake in which pike is the main predator, of 0.1-0.2 mg L À1 . Above this limit, the balance between bottom-up and top-down forces is disturbed and the lake shifts to the turbid state void of vegetation.
For a limited number of cases, i.e. lakes that have switched in the past between the clear and the turbid state, estimates have been made of their critical loading, based on available information. The Swedish lakes Takern and Krankesjo¨n (average depth 1.0 and 1.5 m, respectively) both shifted several times between both states in the course of the last century, probably due to the direct or indirect effects of water level fluctuations (40.5 m). Both lakes had low TP concentrations: L. Takern 0.031 mg P L À1 , L. Krankesjö n 0.02-0.06 mg P L À1 (Blindow 1992; Blindow et al. 1993) . In another lake switching between clear and turbid state, Lake Botshol in the Netherlands, the critical loading of the lake was estimated as 0.
); the data do not allow a conclusion about a possible difference between forward and backward switchpoints. The PCLake model calculates somewhat higher values of 2.3 mg P m À2 d
À1
(forward) and 1.3 mg P m À2 d À1 (backward) ( Table 2 ). The cause of the switches in this small peat lake has been reported as differences in nutrient leaching from the surrounding peatland between wet winters (high leaching) and dry winters (lower leaching) (Rip et al. 2005) .
Lake Veluwe, also in the Netherlands and belonging to the 'Randmeren', represents the littoral zone of an originally larger lake (the 'Randmeren' were created when large parts of lake IJssel were reclaimed in the 1950s and 1960s; lake IJssel itself originates from embankment of a former estuary in 1932). Lake Veluwe started in the clear state, switched to the turbid state in the 1960s as a result of eutrophication, and was restored to the clear state in the 1990s due to a combined management strategy (phosphorus diversion, flushing, fishery). Based on observed TP levels during switchpoints, combined with water and nutrient budgets, a model study and other ecological information, Meijer et al. (1999b) estimate the critical TP concentration for a stable clear-water state at 0.10-0.15 mg P L À1 and the critical loading at about
). The tentative values of 3.4 mg P m À2 d À1 (forward) and 1.6 mg P m À2 d
(backward) calculated by PCLake (see Table 2 ) are in the same range. In a later analysis on this same lake, Ibelings et al. (2007) derived TP concentrations of 40.1 mg P L
for the turbid state and 0.04-0.06 mg L À1 for the stable clear-water state.
Based on historical reconstructions of the former 'clear state' and other ecological studies in the Dutch Zuidlaardermeer (Klinge et al. 2000) , Klinge (unpublished results) estimates the maximum permissible loading for restoration of this lake at 0.7 g P m À2 y À1 ( ¼ 1.9 mg P m À2 d
) in summer, and 1.0-1.5 g P m À2 y À1 ( ¼ 2.7-4.1 mg P m À2 d À1 ) in winter (when retention is lower). This is lower than the restoration threshold derived by PCLake of 6.1 mg P m À2 d
. The non-algal turbidity of the inflowing
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stream water has possibly been underestimated in this calculation. In some cases, one can only speculate about the causes of a (periodical) switch of a particular lake (Scheffer 1998) . For some lakes, it might even be an intrinsic feature caused by internal mechanisms: a gradual accumulation of nutrients in the vegetated state until the system can no longer absorb them, followed by a switch to the turbid state, a gradual wash-out of the nutrients due to the lower retention, until nutrient limitation makes the phytoplankton collapse again, followed by a switch back to the clear state. Another mechanism could be the gradual build-up of sediment organic matter in the clear state, causing anaerobic conditions and increased P release promoting a shift to the turbid state, in which the sediment organic matter decreases again. Van Nes et al. (2007) speculated on this using two minimodels, and concluded that such cycles will only occur in particular cases. The plausibility of these switches and the ranges of their possible occurrence could also be explored by means of PCLake simulations, for other combinations of mechanisms as well. In general, the above-mentioned observations indicate that the critical P values are dependent on water depth and other lake features.
Impact of different lake characteristics on critical nutrient loading, comparison with empirical information
The model predicts that smaller lakes are more favourable to macrophytes than larger ones, in agreement with observations in the field (e.g. Van Geest et al. 2003) . Higher settling and lower resuspension rates in small lakes (less wave action) is the explanatory mechanism in PCLake. Although the prediction is in agreement with observations, other mechanisms than this one may contribute to the impact of lake size. Wind or wave stress may hamper vegetation growth or survival directly as well. Other mechanisms are related to the generally greater relative shore length in small lakes, shore length and lake size often being strongly correlated. Small lakes tend to have more shallow parts along the shores which are more favourable places for colonization by macrophytes that can spread over the rest of the lake (Van den Berg et al. 1999) . A larger shoreline, often partly overgrown with helophytes, may also favour top-down effects, by enhancing piscivorous fish (mainly pike) and by providing a refuge to zooplankton (Jeppesen et al. 1990b; Grimm 1989) . Finally, Jeppesen et al. (1990b) suggested that natural winter fish kills due to oxygen depletion occur more frequently in small lakes. However, fish kills might also be related to factors like shallowness or low water transport that are correlated with size. In addition, Van Geest et al. (2003) report more frequent fish kills in small lakes, but again, the relation with size is probably indirect, as the fish kills were related to periods of low water level in summer. Anyway, the occurrence of fish kills acts as a natural biomanipulation experiment, that could certainly promote vegetation dominance in certain lakes. Van Geest et al. (2003) conclude, from a crossanalysis study of shallow floodplain lakes in the Netherlands, that the colonization argument and the top-down mechanisms are the most likely explanations for the negative impact of lake area on submerged macrophytes dominance. In their data set, submerged macrophyte cover decreased significantly with the surface area, depth and age of the lakes.
The dominating effect of the water depth, viz. a lower chance for the survival of submerged macrophytes with increasing depth, is consistent with well-documented empirical studies on the maximum colonization depth of macrophytes as a function of water transparency (Spence 1982; Chambers and Kalff 1985) reviewed in Moss (1988) and Scheffer (1998a) . These studies do not include very shallow and/or very turbid waters. The PCLake model predicts a sharp increase of the critical loadings at a water depth of 1 m or less, implying that these very shallow lakes have a high chance of maintaining their 'clear' state despite a rather high turbidity or nutrient level. The model seems a bit too optimistic in this respect, as compared to for instance studies in the Dutch Randmeren (Meijer et al. 1999b) . A possible cause is that the model includes one prototypic macrophyte group, with the above-ground biomass equally distributed over depth and emerging in spring from overwintering parts. Species with other growth forms, like charophytes, that grow closer to the bottom, will be more vulnerable. Blindow (1992) showed that, although charophytes can grow to greater depths in clear water (due to their higher light affinity), angiosperms are in favour in more turbid water, as they have a greater part of their biomass near the surface. It is also recalled that the model uses the mean depth only, neglecting spatial differences.
In support of our results on the positive effect of a marsh zone on critical P loadings are the clear indications of a purifying effect of wetlands on adjacent lakes, see e.g. Johnston (1991) , Mitsch (1995) , Verhoeven and Meuleman (1999) , among others. Richardson et al. (1997) conclude that natural wetlands may retain phosphorus loading of up to 1-2 g P m À2 y
À1
. Artificial wetlands may perform even better, depending on their construction and management. The example of the Kis-Balaton wetland system (Somlyody 1998) , which was used to protect Lake Balaton (Hungary) by purifying the water of a river before it entered the lake, showed a considerable purifying effect, but at the same time demonstrated deteriorating effects of eutrophication on the natural wetlands themselves.
The model results comply with the general evidence that wetland zones should cover an extensive area to have a significant impact on water quality. Quantitative data about natural systems are rare, but the loss of former wetland areas and flood plains around for instance the Friesian lakes (in the north of the Netherlands) is suspected to have enhanced the shift of these lakes to the turbid state. These wetlands were the result of a naturally fluctuating water level, that has later been fixed by means of water engineering works (Klinge et al. 1995) .
Management implications, including biomanipulation
Based on our analysis with PCLake on the relation between critical phosphorus loading and lake properties, we come to the following recommendations for improving lake transparency. The first step is to estimate the critical loading values and compare them with the actual P loading of your lake. This can be done with the available metamodel, which takes into account the effect of lake features on the critical phosphorus loadings. The metamodel is composed of a database of precalculated values of the critical loadings, performed for a lot of combinations of the main lake features, coupled to a Matlab TM interpolation routine. When using the metamodel, the uncertainties in both the original model and the interpolation procedure have to be kept in mind. The metamodel is available (in Dutch) on internet /www.mnp.nl/modellen/pclakeS. From here, there are four possibilities: (1) the actual loading is considerably larger than the critical loading at eutrophication: the only option is to decrease the external phosphorus loading (Fig. 5, upper panel) ; (2) the actual loading is close to the critical loading at eutrophication: try to increase the critical loading and hence the 'carrying capacity' of the lake (e.g. by hydromorphological measures like marshlands and water level fluctuations) (Fig. 5, middle panel) ; (3) the actual loading is well between the critical loading at eutrophication and oligotrophication: consider direct food web management (biomanipulation) (Fig. 5, lower panel) ; or (4) the actual loading is below the critical loading at oligotrophication; no extra measures are needed and due to the resilience of the system, the lake will likely remain in the desired transparent state. However, continuous monitoring of the nutrient loading and the lake's state is recommended. 
